Comparing the burden of dental conditions to other health outcomes provides useful insight for public policy. We aimed to estimate quality-adjusted life expectancy (QALE) loss due to dental conditions in the US adult population. Social inequalities in QALE loss by dental conditions were also examined. Data from 3 cross-sectional waves of the National Health and Nutrition Examination Survey (NHANES waves 2001(NHANES waves to 2002(NHANES waves , 2003(NHANES waves to 2004(NHANES waves , and 2011(NHANES waves to 2012 were pooled and analyzed. The average age of study participants (n = 9,445) was 48.4 y. Disutility scores were derived from self-rated health and the numbers of physically unhealthy days, mentally unhealthy days, and days with activity limitation, employing a previously published algorithm. The associations between the disutility scores and the numbers of decayed teeth, missing teeth, and periodontitis were examined by multiple linear regression stratified by age groups (20-39, 40-59, and ≥60 y), adjusted for other covariates (age, sex, wave fixed effect, educational attainment, smoking, and diabetes). The QALE loss due to dental conditions at the age of 20 was estimated using life tables. Decayed and missing teeth, but not periodontitis, were associated with a larger disutility score. The coefficient for decayed teeth was larger among the older population, whereas that of missing teeth was smaller among them. The estimated QALE loss was 0.43 y (95% confidence interval [CI], 0.28-0.59), which reached 5.3% of QALE loss (8.15 y; 95% CI,) due to overall morbidity. There were clear social gradients in QALE loss by dental conditions across the life course, and people with high school or less education had 0.32 y larger QALE loss in total compared with people with college or more education. This study suggests that improvements in people's dental health may yield substantial gains in population health and well-being. The necessity of more comprehensive public health strategies is highlighted.
Background
Dental diseases are highly prevalent worldwide (Kassebaum et al. 2017) and substantially affect quality of life (Haag et al. 2017) . They are chronic and cumulative in nature and rapidly increasing across the life course (Kassebaum et al. 2017) . The trajectory of dental status is socially patterned, whereby people from a lower socioeconomic position are more likely to have worse dental status at various stages of life (Nicolau et al. 2007; Steele et al. 2015; Watt et al. 2015) . Providing a comprehensive picture of the dynamics and social distribution of the health burden due to various dental conditions would provide a unique perspective for shaping public health policy.
Comparing various health outcomes on a single scale is important to evaluate the relative impact of different diseases in society and to prioritize the allocation of health care resources. One way to make such comparisons is facilitated by the concept of quality-adjusted life years (QALY), which represents population health by considering the duration and quality of life. A QALY is calculated by multiplying the duration of time spent with a certain health status and the utility score, an indicator of various health states based upon population preference, whereby death is scored as 0 and full health as 1 (Whitehead and Ali 2010; Neumann and Cohen 2018) . Thus, 1 QALY indicates spending a year in the hypothetical "perfect" or "the most desirable" health state (Neumann and Cohen 2018) . The QALY can also be summarized in a lifetime horizon indicating expected duration and quality of remaining life at the specific age, that is, quality-adjusted life expectancy (QALE) (Rosenberg et al. 1999) . QALE may also vary between different socioeconomic groups; the gradients in QALE have been reported with the difference of 11 y at birth by multiple deprivation in the United
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Kingdom (Love-Koh et al. 2015) and 8 y at 25 y of age by educational attainment in the Netherlands (Gheorghe et al. 2016) . However, to our knowledge, no studies have reported the dental-related QALE loss and the extent of related social inequalities.
The present study aimed to estimate QALE loss due to decayed teeth, missing teeth, and periodontitis and its social pattern in the US adult population. These 3 dental conditions were selected because they represent the 3 most prevalent dental conditions (Kassebaum et al. 2017) . Our estimate in the present study does not include other oral conditions such as oral cancer.
Methods
Data Source
Our analyses are based on pooled cross-sectional data from 3 waves of the National Health and Nutrition Examination Survey (NHANES waves 2001 (NHANES waves to 2002 (NHANES waves , 2003 (NHANES waves to 2004 (NHANES waves , and 2011 (NHANES waves to 2012 . The NHANES survey employs a stratified multistage probability sampling of the civilian noninstitutionalized population of the United States and collects data through interviews and clinical examinations. More detail about the survey has been reported elsewhere (Centers for Disease Control and Prevention 2012). Participants aged ≥20 y who completed the dental examination and without missing information on the variables were included in the analyses (Fig. 1 ). The present study was based on analyses of secondary anonymous data, and no ethics approval was required.
Variables
The dependent variable was disutility score, which was derived from answers on self-rated health and numbers of physically unhealthy days, mentally unhealthy days, and days with activity limitation during the past 30 days. These 4 variables were mapped to the EQ-5D index (Brooks 1996) , a scale of health utility ranging from 0 (death) to 1 (perfect health), employing a previously published algorithm (Jia et al. 2011) . The algorithm has been validated using representative samples of the US adult population, and the bias compared with the actual EQ-5D scale was estimated to be less than 1% (Jia et al. 2011 ). The mapped EQ-5D utility scores were subtracted from 1 and used as a continuous variable indicating disutility to estimate dental conditions' burden directly. The detail of this procedure is described in Appendix.
The explanatory variables were numbers of decayed teeth, missing teeth due to dental diseases, and teeth with periodontitis. Third molars were not included since their periodontal status was not examined. Periodontitis was defined by ≥3 mm of loss of attachment and ≥4 mm of pocket depth on the same periodontal sites (Centers for Disease Control and Prevention 2004) . Full-mouth assessment was conducted for periodontal disease in wave 2011 to 2012, while 3 facial sites in 2 randomly selected quadrants were assessed in the former 2 waves. To consider the difference, information on periodontitis in wave 2011 to 2012 was also randomly selected in the present study.
Age (continuous), sex (men, women), educational attainment (high school or less, less than college, college or more), smoking status (never smoker, former smoker, current smoker), diabetes (yes, no), and survey wave fixed effects were adjusted for.
Statistical Analyses
We employed a 3-step approach to estimate QALE loss. First, the associations between dental conditions and disutility score were examined by multiple linear regression models: unadjusted (model 1), adjusted for all covariates separately for each dental condition (model 2), and adjusted for all covariates and the 3 variables on dental conditions included together (model 3). The regression models were stratified by age group (20 to 39, 40 to 59, and ≥60 y old), and sampling weight was applied.
Second, to describe the impact of dental conditions in the US population, average disutility due to dental conditions for every 5 y of age was calculated by multiplying the coefficients in model 3 and the average number of decayed teeth, missing teeth, and periodontitis in the respective age group.
Third, sex-, educational attainment-, and disease-specific QALE loss at the age of 20 was estimated by combining the estimation at step 2 and the information on life tables for the US population in 2011 (Xu et al. 2015) . The detail of this procedure is described in Appendix. QALE loss due to overall morbidity was also estimated to assess how much of it was due to dental conditions. We used STATA MP version 15.1 (Stata Corp.) for all analyses and followed STROBE guidelines.
Results
In total, 9,445 participants (average age = 48.4 y) were included in the analyses (Fig. 1) . Table 1 describes the demographic characteristics of the respondents. Higher disutility scores were observed among the older participants, women, those with lower educational attainment, smokers, and those with diabetes. Appendix Table 1 shows the distribution of the variables used to derive the disutility score. Table 2 shows the results from the regression analyses. Decayed teeth and missing teeth were significantly associated with a higher disutility score in all age groups, while the association between disutility score and periodontitis was not significant among those aged 20 to 39 y and ≥60 y (model 1). The associations between decayed teeth and the disutility score among those aged 20 to 39 y and periodontitis among the 40-to 59-y-olds were not significant after adjusting for covariates (model 2). Including all 3 dental conditions together did not affect the estimates (model 3). Overall, the coefficient on decayed teeth was larger among the older population, while that of missing teeth was smaller among them. Figure 2 illustrates the average of disease-specific disutility at every 5 y of age by educational attainment. The total disutility increased with aging until the age of 60 y mainly due to increased disutility with age from missing teeth. The bars for periodontitis were below 0, representing negative but not significant coefficients (Table 2 , model 3). There was a clear social gradient with participants with lower educational attainment having larger disutility at all stages of life. Table 3 and Appendix Figure 1 summarize the estimated QALE loss at age 20 y. The average QALE loss was 0.43 y (95% confidence interval [CI], 0.28-0.59), which represents 5.3% in QALE loss due to overall morbidity (8.15 y; 95% CI, ). The QALE loss due to dental conditions and the percentage due to overall morbidity by educational strata was 0.57 (6.5%), 0.38 (5.2%), and 0.25 (3.2%) for high school or less, less than college, and college or more, respectively. A social gradient in the total QALE loss by educational attainment was observed and the absolute difference between people The number of teeth with pocket depth ≥4 mm and loss of attachment ≥3 mm on the same periodontal site. educated up to high school level or lower and those with college or more education was 0.32 y. The QALE loss due to dental conditions shared a higher proportion of QALE loss due to overall morbidity in the lower educated group (Appendix Fig. 1 ).
Discussion
This study is the first to report the contribution of dental conditions to QALE loss. Decayed teeth and missing teeth were significantly associated with disutility, while periodontitis was not. The marginal effect of 1 untreated decayed tooth on the disutility score was higher among the older population, while that of 1 missing tooth was lower among them. The QALE loss at age 20 y, which represents a lifetime burden of dental conditions from that age onward, was estimated to be 0.43 y, representing 5.3% of QALE loss due to overall morbidity. A clear social gradient in QALE loss due to dental conditions across the life course was observed. Dental conditions shared a larger proportion of QALE loss due to overall morbidity among lower educated people, suggesting that dental conditions have a relatively higher impact among the lower socioeconomic group. The impact of dental health on QALE can be put into context when compared to the respective estimates for other health outcomes. At a population level, QALE loss is reported to be 1.9 y for diabetes, 1.2 y for heart disease, 1.2 y for obesity/ overweight, and 1.9 y for smoking Jia et al. 2016; . The difference in QALE between those with/without depression is reported to be 28.9 y (Jia et al. 2016 ); however, populationlevel QALE loss for depression considering the prevalence has not been reported. As the dental-related QALE loss (0.43 y) reached approximately a third or fourth of these major causes of health burden, the burden of dental conditions on quality of life is substantial, although they are somewhat neglected in public health policies (Allukian 2008) . The distributional aspect of health care resource allocation in society needs to be Figure 2 . Average disutility due to oral conditions among US population by age groups; the 3 graphs in the same age group show each educational attainment: high school or less (left), less than college (middle), and college or more (right). The number of teeth with pocket depth ≥4 mm and loss of attachment ≥3 mm on the same periodontal site.
assessed considering the obvious social gradient in dentalrelated QALE loss and that larger share of dental-related QALE loss among the lower socioeconomic population. Policies should follow the proportionate universalism principle (Marmot et al. 2010) . Social gradients in oral health have been reported in both clinical and subjective outcomes (Sheiham et al. 2011) . The pattern of the gradient is complex, and it varies by socioeconomic and oral health indicators and countries. For example, a study in the United Kingdom reported that the difference in caries prevalence by income was greater in the younger age group, whereas differences by income in missing teeth increased with aging (Steele et al. 2015) . The gradient could be narrower in the countries like the United Kingdom where dental health care is covered by universal health coverage . On the other hand, water fluoridation is widely established in the United States, and this could contribute to a reduction in inequalities in QALE loss due to dental caries and possibly tooth loss. However, 33% of adults and 12% of children in the United States did not have dental insurance in 2013 (Nasseh and Vujicic 2015) . Absence of dental insurance is a barrier to access routine dental care and might have resulted in leaving caries untreated. Ensuring access to dental care for the entire population may at least partially reduce the burden of dental conditions. Several studies reported that social gradients in edentulism in the United States have been narrowing, whereas that in untreated decay and the number of missing teeth have been widening (Wu et al. 2014; Farmer et al. 2016) . The social gradient in the present study in QALE loss for each age group widened until early older age, and then it remained stable for those aged 60 y or older. The widening gradient was provided by disutility from the number of missing teeth, suggesting that the social pattern in total dental health burden is driven by accumulating moderate differences (e.g., untreated caries or 1 additional missing tooth) rather than total tooth loss occurring later in life. Policies focusing on preventing a moderate suboptimal dental condition starting from earlier stages of life could reduce social inequalities in dental-related QALE loss, for example, extending years of education (Matsuyama et al. 2018 ) and/or taxing sugar-sweetened beverages/foods (Colchero et al. 2016) .
The effect size of missing teeth was smaller among the older population, but that of decayed teeth was larger among them. This suggests that older people could have adapted and become more tolerant of tooth loss (MacEntee et al. 1997) . A study reporting an inverse association between aging and Oral Health Impact Profile (OHIP-14) score among adults with clinical conditions (Slade and Sanders 2011) would support this adaptation. The age difference in decayed teeth could be explained by its severity: the number of untreated surfaces per 1 untreated tooth was higher among older people (results not shown). The nonsignificant association between periodontitis and disutility is in line with a systematic review reporting that the impact of periodontal disease on the general quality of life was inconclusive (Haag et al. 2017) . It should be noted that QALE is not the only criterion to determine a condition to be prevented/treated, and periodontal diseases, as a "silent" disease, should also be prioritized to reduce the resulting tooth loss.
A few population studies have estimated utility scores for dental conditions, although none have reported QALE loss. Having gingivitis and ≥6 mm of loss of attachment were associated with lower EQ-5D scores by 0.001 and 0.012, respectively; however, confounding factors have not been adjusted for (Brennan et al. 2007 ). Jamieson et al. (2017) reported a The number of teeth with pocket depth ≥4 mm and loss of attachment ≥3 mm on the same periodontal site. b Estimated using bootstrapping with 2,000 repetitions.
0.037 lower EQ-5D score for people with <21 teeth compared to those with 21 or more teeth among the Australian population. The association reported in that study is larger than our result. This might be because the study population was healthier in the Australian study (average disutility score = 0.09) than the present study (average disutility score = 0.14). Dental conditions might have a larger impact on quality of life among healthier populations. Disability-adjusted life years (DALYs) is another metric to evaluate and compare different diseases' impact on the population. The disability weights for symptomatic caries, total tooth loss, and severe periodontal disease have been reported as 0.010, 0.067, and 0.007, respectively (Salomon et al. 2015) , which were larger than the coefficients from our regression analyses. The DALY for all oral conditions in the United States was estimated at 0.003 y per person in 2015 (Kassebaum et al. 2017) . Although our estimate focused on 3 dental conditions, our estimate of QALE was much larger than the DALY estimation. There are some potential explanations for these differences. First, disability weights have a predominantly functional focus on each oral condition (e.g., "a toothache, which causes some difficulty eating" for untreated symptomatic caries and "great difficulty in eating meat, fruits, and vegetables" for total tooth loss; Kassebaum et al. 2017) ; however, the social aspect is also an important pathway linking oral conditions and general quality of life (Allen 2003) . The utility score focuses on impact to overall quality of life, which is a wider construct and could also include social aspects of oral health. Our additional analyses showed that "feeling embarrassed because of mouth" explained the considerable extent of the association between missing teeth and disutility score (Appendix Table 2 ). Also, a systematic review reported that loss of anterior teeth had a larger impact on quality of life than posterior teeth (Gerritsen et al. 2010) . Second, the criteria of dental conditions were more extreme when estimating disability weights than the present study. This might also underestimate the burden of dental conditions as they affect considerably the quality of life of people before these excessive thresholds; for example, tooth loss in general (rather than total tooth loss) has been shown to negatively affect the oral health-related quality of life (Gerritsen et al. 2010) . Furthermore, our additional analyses showed that the marginal effect of 1 additional missing tooth was not statistically significant after a person lost >8 teeth, which corresponds to losing functional dentition (Appendix Fig. 2 ). This suggests the importance of capturing the burden of moderate but more prevalent dental problems. Third, disability weights are estimated from the questionnaire survey for the general population, including people with and also without dental problems. People without dental problems might underestimate the potential burden of it. Another explanation is related to methodological differences, such as age weighting in the DALY estimations, where young or older populations have a lower weight.
This study has some limitations. First, our analyses were based on pooled data from 3 cross-sectional surveys; thus, our results could partly be due to reverse causation. There were some differences in the dental assessment procedure by waves (e.g., partial-mouth periodontal assessment was conducted on people aged ≥18 y in waves 2001 and 2003, while full-mouth periodontal assessment was conducted on people aged ≥30 y). Accordingly, the participants aged between 20 and 29 y were from wave 2001 or 2003. Also, there could be confounders that we did not address; for example, deprivation could be associated with both dental conditions and disutility scores, and this may go beyond the influence of educational attainment (Locker 2000) . Second, the study population was sampled from noninstitutionalized people, and those who had a certain medical condition were excluded from the clinical examination. Note that our analysis applies only to the impacts of caries, periodontitis, and tooth loss but not to other oral conditions such as oral cancer. The impact of oral conditions would be larger if those less healthy population groups and additional oral health conditions were included. Our study may therefore be considered to provide only lower bound estimates for the impact of oral conditions on people's quality of life. Third, we used continuous variables for dental conditions. The association between periodontitis and disutility score could be underestimated as we used the information from the partial-mouth assessment. However, our sensitivity analyses using full-mouth assessment information in 2011 also showed an insignificant association between periodontitis and disutility score (Appendix Table 3 ). Sensitivity analyses indicated that categorized clinical variables would reveal similar findings (Appendix Table 4 ). Smoking and diabetes are mainly associated with periodontitis but not dental caries. The model without adjusting for these covariates showed a similar result (Appendix 5). Fourth, we used the data originating from 2001 to 2012. Our estimates might not fully reflect recent improvements in dental conditions, while social inequalities in dental diseases have continued to widen (Rozier et al. 2017) . This may imply that the overall societal burden of dental diseases on people's quality of life may not necessarily be lower if estimated on basis of more recent data. Fifth, our dependent variable, disutility score, was derived from the questions on unhealthy days and self-rated health. These questions might not capture all aspects of dental problems. In this sense, QALE loss due to dental conditions in the present study would be underestimated.
Conclusion
This study estimated dental-related QALE loss in the US adult population. Population health is certainly compromised by dental conditions, and obvious social gradients at all age groups exist. The study findings highlight the necessity for multisectoral public health strategies across the life course to promote oral health and tackle oral health inequalities.
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